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Summary
Mustard oil (MO) is a plant-derived irritant that has been
extensively used in experimental models to induce pain
and inflammation [1, 2]. The noxious effects of MO are
currently ascribed to specific activation of the cation
channel TRPA1 in nociceptive neurons [3, 4]. In contrast to
this view, we show here that the capsaicin receptor TRPV1
has a surprisingly large contribution to aversive and pain
responses and visceral irritation induced by MO. Further-
more, we found that this can be explained by previously
unknown properties of this compound. First, MO has a
bimodal effect on TRPA1, producing current inhibition at
millimolar concentrations. Second, it directly and stably
activates mouse and human recombinant TRPV1, as well
as TRPV1 channels in mouse sensory neurons. Finally,
physiological temperatures enhance MO-induced TRPV1
stimulation. Our results refute the dogma that TRPA1 is the
sole nocisensor for MO and motivate a revision of the puta-
tive roles of these channels in models of MO-induced pain
and inflammation. We propose that TRPV1 has a generalized
role in the detection of irritant botanical defensive traits and
in the coevolution of multiple mammalian and plant species.
Results and Discussion
Several members of the transient receptor potential (TRP)
channel superfamily act as versatile molecular sensors, play-
ing key roles in thermosensation, pain perception, and chemo-
sensation [5–8]. Most chemical irritants stimulate more than
one TRP channel. However, capsaicin and mustard oil (MO),*Correspondence: karel.talavera@med.kuleuven.be
7These authors contributed equally to this workarguably the most relevant irritants for studying the mecha-
nisms of pain and inflammation, are broadly believed to stim-
ulate specifically the polymodal nociceptors TRPV1 [9, 10]
and TRPA1 [3, 4], respectively. However, recent evidence for
a lack of specificity of MO [11–14] prompted us to determine
whether TRPV1 mediates MO-induced irritation.
TRPV1 Contributes to MO-Induced Aversion
Trpa1 knockout (KO) mice display significant avoidance
toward MO [12], but the underlying chemosensors remain
unknown. To investigate this issue, we used a drinking assay
in which mice were given access to water for only 1 hr per
day during three consecutive days and to MO solutions on
the fourth day. Wild-type (WT) mice avoided MO consumption
in a dose-dependent manner (Figures 1A and 1B; see also
Figures S1A and S1B available online). In comparison, Trpa1
KO mice displayed diminished, but significant, aversion to
MO. Remarkably, although Trpv1 ablation did not have an
important effect, it further decreased the aversion response
in the absence of TRPA1. This indicates that TRPV1 serves
as a MO noxious chemosensor in the oral mucosa, although
with lower hierarchical importance than TRPA1. Notably, all
mice strongly rejected a 10 mM MO solution (Figure S1B;
Figure 1B), suggesting that avoidance is not entirely mediated
by TRPA1 and TRPV1.
We further evaluated the avoidance of mice to MO using an
open-field exploration assay. Animals were placed in a cage,
where 10% MO and water were applied on the floor of two
opposite corners. WT, Trpa1, and Trpv1 KO mice clearly
avoided the MO-containing corner, but Trpa1/Trpv1 KO mice
spent a significantly longer time at and entered more often in
the MO-stained corner (Figures 1C and 1D; Figure S1C).
Similar results were obtained when testing a 1% MO/water
emulsion, but the differences between genotypeswere smaller
(Figure S1D). Altogether, these experiments demonstrate
that both TRPA1 and TRPV1 mediate the aversive responses
to MO.
Roles of TRPA1 and TRPV1 in Pain and Inflammatory
Responses to MO
To determine whether TRPV1 contributes to pain and inflam-
matory effects, we injected MO in the hind paw of mice. In
contrast to previous studies [4, 12], we used a small injection
volume (10 ml) and a concentration that does not require addi-
tion of solvent (10 mM in Hank’s Buffered Salt Solution [HBSS]
vehicle). WT mice manifested clear signs of pain (paw lifting,
flinching, and licking), whereas Trpa1 KO mice responded in
a similar way, but with a significant delay (Figure 1E and Fig-
ure S1E). Strikingly, pain behavior was dramatically sup-
pressed in Trpv1 and Trpa1/Trpv1 KO mice. These results
differ from those of Kwan et al. [12], who observed a significant
reduction of MO-induced pain behavior in Trpa1 KO mice. A
possible explanation is that these authors used 20 ml of mineral
oil as injection vehicle, which results in more initial paw
swelling and a significant retention of MO in the oil fraction.
We found that the local inflammatory response upon MO
injection was significantly reduced in Trpa1 KO animals,
whereas no significant difference was observed between
Figure 1. Role of TRPA1 and TRPV1 in Mustard
Oil-Induced Aversion and Pain Behaviors
(A) Forced-drinking test used to determine oral
aversion toward 3 mM mustard oil (MO) in WT,
Trpa1 KO, Trpv1 KO, and Trpa1/Trpv1 KO mice
(n = 6–8). For each mouse, the volume consumed
was measured and normalized to its average
consumption of water.
(B) Dose-dependent consumption of MO solu-
tions. The effective concentrations were 0.56 6
0.06 mM, 1.7 6 0.2 mM, 0.39 6 0.03 mM, and
5.4 6 0.5 mM for WT, Trpa1 KO, Trpv1 KO, and
Trpa1/Trpv1 KO mice, respectively.
(C) Representative trajectories of WT, Trpa1 KO,
Trpv1 KO, and Trpa1/Trpv1 KO mice inside
a 0.27m2 square cage. Of 10%MO (orange circle)
or distilled water (cyan circle), 500 ml was applied
on the floor of two opposite corners.
(D) Average time spent in the corner containing
MO during the open-field test. Bars are color
coded according to the genotype as in (C). For
all genotypes, n = 8, except Trpa1/Trpv1 KO
mice, for which n = 7.
(E) Temporal course of the time of nocifensive
behavior evoked by intraplantar injection of MO
in WT (n = 5), Trpa1 KO (n = 7), Trpv1 KO (n = 5),
and Trpa1/Trpv1 KO (n = 6) mice. Data were re-
corded in 1 min intervals.
(F) Change in paw thickness measured at
different time points after injection of MO. Base-
line thickness was measured immediately before
the injections. Injection of the vehicle alone
(HBSS) caused a small initial engrossment of
the paw that was similar for all genotypes: WT,
0.22 6 0.03 mm; Trpa1 KO, 0.30 6 0.04 mm;
Trpv1 KO, 0.25 6 0.06 mm; Trpa1/Trpv1 KO,
0.23 6 0.04 mm.
In (E) and (F), the open symbols denote statisti-
cally significant difference with respect to WT
mice (p < 0.05). All error bars represent standard
error of the mean.
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317Trpv1 KO and WT mice (Figure 1F). Trpa1/Trpv1 KO mice dis-
played a reduced response when compared to Trpa1KOmice,
although only in the early stages. Hence, our data demonstrate
that TRPV1 has a major function in triggering acute pain
responses to MO, whereas TRPA1 has a more important role
in the development of local inflammation.
Main Role of TRPV1 in MO-Induced Bladder Irritation
MO has long been used in experimental models of inflamma-
tion and hyperalgesia of visceral organs such as the urinary
bladder [2, 15]. Thus, we tested whether TRPV1 plays a role
in MO-induced visceral irritation by studying the effects of
this compound on the mouse bladder voiding reflex using
cystometry. Intravesical infusion of MO in WT mice induced
dose-dependent increase in voiding frequency and a decrease
of the voided volume (Figure 2 and Figures S2A–S2C). Surpris-
ingly, 10 mMMO induced similar bladder irritation in Trpa1 KOmice (Figure 2 and Figures S2D and
S2E). Notably, MO induced significantly
fewer changes in Trpv1 KO mice than in
WT mice and was without any effect in
Trpa1/Trpv1 KO mice.
To further test the role of TRPA1 and
TRPV1 in MO-induced bladder irri-
tation, we measured the release of thecalcitonin gene related peptide (CGRP) [16] from isolated
mouse bladders in response to MO application. MO (10 mM)
induced a robust release of CGRP in WT mouse bladders
(0.64 6 0.06 pg/ml 3 mg; n = 4). Notably, the release was not
significantly different in Trpa1 KO bladders (0.64 6 0.09 pg/
ml 3 mg; n = 4) but was significantly lower in preparations
from Trpv1 KO (0.27 6 0.06 pg/ml 3 mg; n = 4; p < 0.01) and
Trpa1/Trpv1 KO (0.25 6 0.05 pg/ml 3 mg; n = 4; p < 0.01)
mice. These results demonstrate that MO-induced bladder
irritation is largely mediated via TRPV1, with only a minor
contribution of TRPA1.
TRPA1 Activation Declines at High Concentrations
of Mustard Oil
Puzzled by the major contribution of TRPV1 to MO-induced
irritation, we characterized the effects of this compound on
TRPA1 and TRPV1 in more detail. Notably, in vitro studies on
Figure 2. TRPV1 Largely Mediates MO-Induced
Bladder Irritation in Mice
(A) Representative examples of intravesical pres-
sure changes recorded in WT, Trpa1 KO, Trpv1
KO, and Trpa1/Trpv1 KO mice in response to
infusion of saline and 10 mM MO.
(B) Time course of the average instantaneous
voiding frequency before and during intravesical
infusion of MO. For all mice, the data were
normalized to the average frequency obtained
during saline infusion (n = 8, 6, 6, and 5 for WT,
Trpa1 KO, Trpv1 KO, and Trpa1/Trpv1 KO mice,
respectively). All error bars represent standard
error of the mean.
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most in vivo studies have tested concentrations three to five
orders higher [4, 10–12]. These huge differences may reflect
that a fraction of MO is diluted and/or scavenged in the tissue
before reaching the active sites, but they raise questions about
the actual in vitro effects of high concentrations of MO, given
that some TRPA1 agonists act as inhibitors at high concentra-
tions [17, 18].
MO induced a dose-dependent increase of TRPA1 currents
with an effective concentration of 6.86 2.2 mMat275 mV (Fig-
ure 3C), in agreement with previous reports [3, 11]. However,
MO induced a significantly smaller maximal current increase
above 1 mM (Figures 3A and 3C). Moreover, washout of
10 mM MO produced a rebound of current amplitude, and
a subsequent application inhibited TRPA1 currents (Figure 3A).
Thus, similar to menthol derivatives [17] and nicotine [18], MO
has a bimodal action on TRPA1. Furthermore, current desensi-
tization resulted in a stronger inhibitory effect after 1 min stim-
ulation (Figure 3A and Figure S3A), indicating that the efficacy
of TRPA1 as a MO sensor decreases at high concentrations
and prolonged exposures.
Mustard Oil Activates Mouse and Human TRPV1
Ohta et al. recently reported that MO activates porcine TRPV1
[14]. However, these authors did not challenge the current viewportraying a total insensitivity of other
TRPV1 orthologs to this compound.
Thus, the generalized current belief is
that, in rodents and humans, TRPA1 is
the sole MO receptor [8, 19–21]. In light
of our evidence that TRPV1 mediates
MO-induced responses in the mouse,
we tested whether MO stimulates
mTRPV1. As previously reported, extra-
cellular application of MO in the micro-
molar range at 25C did not significantly
affect currents recorded in mTRPV1-
transfected HEK293 cells (Figure 3C).
However, MO caused a dose-depen-
dent increase of mTRPV1 currents
above w100 mM (Figures 3B and 3C).
The maximal fold increase induced by
MO (11.96 0.9) was significantly smaller
than that produced by 1 mM capsaicin
(60 6 10, n = 6), suggesting that MO is
a weak partial agonist of mTRPV1. Stim-
ulation ofmTRPV1was sustained during
MO application and rapidly reversedupon washout (Figure 3B). Furthermore, mTRPV1 was stimu-
lated by MO reapplication, in contrast to TRPA1, which desen-
sitized after one application. Thus, increasing concentrations
of MO produce stronger and more stable stimulation on
mTRPV1 than on TRPA1 (Figure 3C and Figure S3A).
Stimulation of mTRPV1 by MO was confirmed in Fura-2-
based measurements of the intracellular Ca2+ concentration
in mTRPV1-transfected HEK293 cells (Figure S3B). MO failed
to induce an increase of [Ca2+]in when applied in the absence
of extracellular Ca2+ (Figure S3C), ruling out the possibility of
Ca2+ release from intracellular stores. MO was able to stimu-
late the human TRPV1 ortholog (Figures S3E and S3F).
In Vivo Experimental Conditions Favor TRPV1-Mediated
Responses to MO
To better reproduce in vivo experimental conditions, we tested
MOeffects onmTRPV1currents close to physiological temper-
atures. At 35C, MO induced a dose-dependent current in-
crease,with a 10-fold higher potency than at 25C (FigureS3D).
When applied in vivo, the MO concentration increases grad-
ually at the sensory nerve endings. To simulate this situation
in vitro, we tested the effects of cumulative applications at
35C. This induced a fast but transient increase in TRPA1
currents (Figure 3D). In contrast, stimulation of TRPV1 was
slower but sustained for as long as MO was applied.
Figure 3. Effects of Mustard Oil on TRPA1 and
TRPV1 Currents
(A) Example of the effects of extracellular appli-
cation of 10 mM MO on mouse TRPA1 currents
in CHO cells.
(B) Extracellular application of 3 mM increased
current amplitude in mTRPV1-expressing
HEK293 cells (T = 25C). In (A) and (B), the colored
data points correspond to the traces shown in the
corresponding panels on the right. In comparison
to the currents evoked by capsaicin, MO-elicited
currents largely retained the outwardly rectifying
pattern. No significant changes occurred in the
reversal potential (+2.2 6 1.2 mV, +3.4 6
0.9 mV, and +2.6 6 0.9 mV in control, 3 mM MO,
and 1 mM capsaicin, respectively).
(C) Dose-dependent maximal effect of MO on
mTRPA1 and mTRPV1 current amplitudes
measured at 275 mV. In each cell, currents
were normalized to the amplitude obtained in
control solution. The dashed blue line represents
the fit, with a bell-shape function accounting
for stimulatory and inhibitory effects of MO on
TRPA1. The inhibitory action of MO was charac-
terized by an effective concentration IC50 = 4.16
0.8 mM and a Hill coefficient HI = 1.0 6 0.2. The
continuous red line represents the fit of the
TRPV1 data with a Hill function (EC50 of 3.0 6
0.6 mM; Hill coefficient of 1.0 6 0.1). Error bars
represent standard error of the mean.
(D) Average time course of the effects of cumula-
tive application of MO on TRPA1 (n = 6) and
TRPV1 (n = 5) currents at 35C. The dashed lines
represent the means 6 the corresponding stan-
dard error of themean (SEM). In each cell, current
amplitudes were normalized to the value
measured in control solution.
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In the mouse bladder, TRPA1 and TRPV1 channels are ex-
pressed not in the urothelial cells [15, 22–24], but in sensory
nerve endings from lumbosacral dorsal root ganglion (DRG)
neurons. In experiments performed at 25C, application of
3 mM MO stimulated 92% of WT mouse neurons (395 of
429), 73% of which were also activated by the specific
TRPV1 activator capsaicin (Figure 4A). The MO-sensitive pop-
ulation was smaller in preparations from Trpv1 KO mice (83%,
212 of 256; Figure 4B). As shownpreviously [17, 18, 25], 100 mM
MOdid not induce responses in Trpa1KO neurons (Figure 4C).
However, 3 mM MO stimulated a large fraction of cells (67%,
358 of 535; Figure 4C), and 86.6% of them were also capsaicin
sensitive. Notably, the MO-sensitive population was dramati-
cally reduced in Trpa1/Trpv1 KO mice (15 of 152; Figure 4D),
demonstrating that TRPV1 has an important contribution to
the responses to 3 mM MO. The remainingw10% populationthat is MO sensitive and capsaicin in-
sensitive in Trpa1 KO and Trpa1/Trpv1
KO mice (blue traces in Figures 4C and
4D) indicates that other excitatory
receptors, possibly TRPM8 [13], con-
tribute to the MO-induced responses in
DRG neurons.
Notably, the MO-induced responses
in TRPV1-negative neurons are kineti-
cally different from the responses in
TRPV1-expressing neurons, and the
differences match with the respectivekinetic properties of the responses of TRPA1 and TRPV1
currents in heterologous expression (see Supplemental
Experimental Procedures and Figure S4). Specifically, in
DRG neurons, MO evokes TRPA1-mediated responses that
are rapid and quickly desensitizing, whereas TRPV1-mediated
responses are slower but sustained.
As described above, 100 mMMO did not evoke responses in
Trpa1 KO DRG neurons (0 of 535 cells) at 25C (Figure 4C).
However, at 37C, 100 mM and 300 mM MO evoked clear
responses in 20% (52 of 259 cells) and 37% (40 of 107 cells)
of Trpa1 KO DRG neurons, respectively (Figure S4E). These
responses were absent in Trpa1/Trpv1 KO (0 of 40 cells and
0 of 20 cells in response to 100 and 300 mM, respectively; Fig-
ure S4F), revealing that they were mediated by TRPV1. Taken
together, our experiments in mouse DRG neurons strongly
support the role of TRPV1 as a direct mediator of MO-induced
irritation.
Figure 4. MO Activates TRPV1 in Mouse Lumbo-
sacral Dorsal Root Ganglion Neurons
(A–D) Intracellular Ca2+ imaging experiments
showing the effects of extracellular application
of MO, capsaicin (1 mM), and high potassium
(K+, 45 mM) to lumbosacral DRG neurons iso-
lated from WT (A), Trpv1 KO (B), Trpa1 KO (C),
and Trpa1/Trpv1 KO (D) mice at 25C. In all
panels, neurons were classified according to
their sensitivity to MO and/or capsaicin, and their
responses were color coded according to the
legend shown at the bottom. Thick traces repre-
sent the means, and dashed traces represent the
means 6 the corresponding SEM. The stack bar
plots shown on the right of each panel show the
corresponding percentages of neurons respond-
ing to 3 mM MO and/or capsaicin 1 mM.
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Our data demonstrate a previously unrecognized role of the
capsaicin receptor TRPV1 as a direct target of the classical
irritant compoundMO, urging for a reinterpretation of the puta-
tive roles of TRPA1 and TRPV1 in experimental models of
chemically induced pain and hypersensitivity. Direct stimula-
tion of TRPV1 may explain not only the wide variety of
TRPV1-mediated in vivo responses to MO shown here, but
also previous reports on the lack of specificity of MO in vitro
[11, 12] and the TRPA1-independent expression of ATF3
upon application of highMO concentrations [26]. Furthermore,
we unveiled several mechanisms that can explain the large
relative role of TRPV1 in certain in vivo MO-induced irritation
models. First, MO exerts an inhibitory effect on TRPA1 at phar-
macologically relevant concentrations. Second, MO induces
very fast desensitization of TRPA1 but sustained activation
of TRPV1. Finally, TRPV1 is sensitized for MO-induced activa-
tion at physiological temperatures.
It has been recentlyproposed that TRPA1 is an ancient sensor
for noxious reactive electrophiles such asMO, being conserved
over hundreds of millions of years [27, 28]. Our data strongly
suggest that, at least in mammals, TRPV1 plays a redundant
function in the detection of MO, which may also be the case
for allicin [29], ammonia [30], and nitric oxide [31]. As a wide-
spectrum detector of plant-produced irritants, TRPV1 is likely
to be involved inmechanisms of directed deterrence that shape
the coevolution of multiple plant and animal species.
Experimental Procedures
Details on the animals, bladder CGRP release, culture and transfection of
HEK293 cells, isolation and culture of dorsal root ganglion neurons,patch-clamp experiments, calcium imaging
experiments, drugs used, and statistical anal-
yses are given in the Supplemental Experimental
Procedures.
Forced-Drinking Assay
Individually housedmice had free access to food
but were allowed access to water for only 1 hr
per day during three consecutive days and to
MO solutions on the fourth day. Drinking bottles
were weighed before and after the test to deter-
mine the amount of fluid consumption. Basal
water consumption was not significantly dif-
ferent between genotypes, in agreement with
previous studies [10, 12]. In comparison to
Kwan et al. [12], we report here larger aversion
for WT and Trpa1 KO mice. This is probablydue to the fact that they allowed mice to access the MO solutions during
3 hr, whereas we only allowed for 1 hr access. We chose 1 hr because we
found that, once trained, mice drank the maximal volume of water (w2 ml)
within this period. Allowing them to be exposed for a longer time to the
MO solutions would result in more fluid consumption, but on the other
hand it would limit the reach of the experiment as a test for the role of
TRPA1 and TRPV1 as acute MO chemosensors.
Aversion to MO in an Open-Field Exploration Assay
Individual mice were placed in a Plexiglas open-field box (52 3 52) with
black (40 cm) vertical walls and a translucent floor dimly illuminated by
a lamp placed underneath the box. Activities of each mouse within 10 min
in the open field were automatically recorded by an EthoVision image
motion system (Noldus Information Technology). The floor of the open field
was divided by software programming into center, periphery, and corner
zones, defined by 2 3 2 parallel lines spaced 5 cm from the side walls.
The number of entries and the time spent at each corner were determined
using Ethovision Software.
Nocifensive Behavior and Inflammation Assay
Mustard oil intraplantar paw injections were performed with a microsyringe
(10F-GT, SGE Analytical Science) using HBSS as vehicle. Animal behavior
was recorded with two video cameras, which allowed simultaneous moni-
toring of the movements from opposite angles. Before injections, animals
were allowed to accommodate to the recording chamber for a few minutes.
Injection of vehicle alone did not induce significant pain behavior (Fig-
ure S1F). Paw thickness was measured at the level of the base of the thumb
with a digital caliper.
Cystometry
Catheter implantation and intravesical pressure recordings were performed
as previously described [32]. All recordings were performed under urethane
anesthesia, and body temperature was maintained at 37C using a heating
lamp and an animal temperature controller (World Precision Instruments).
Bladders were infused with saline at a constant rate (20 ml/min), inducing
repetitive cycles of bladder filling and voiding. After an equilibration period
of 60 min, baseline intravesical pressures were recorded for 30 min. The
Mustard Oil Directly Stimulates TRPV1
321infusion fluid was then switched to a solution containing different concen-
trations of MO in saline, and intravesical pressures were measured again
for 30 min.
Supplemental Information
Supplemental Information includes four figures and Supplemental
Experimental Procedures and can be found with this article online at
doi:10.1016/j.cub.2011.01.031.
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